Tumorigenesis is invariably a multistep process (Fearon and Vogelstein 1990; Folkman and Hanahan 1991; Christofori and Hanahan 1994) , that involves not only transformed cells but also an assemblage of normal support cells, including stromal fibroblasts, and endothelial cells (Dvorak 1986; Hanahan 1998; Kinzler and Vogelstein 1998) . Tumor growth demonstrably depends on angiogenesis, whereby concomitant increases in the tumor vasculature supply nutrients and oxygen to the expanding neoplastic mass (Folkman 1990 ).
The skin is composed of an avascular epidermal compartment and a subjacent vascularized dermis. Whereas the skin vasculature is typically quiescent (Detmar 1996) , it maintains a capability to initiate transitory neovascular responses to diverse epithelial stimuli, e.g., pathogen assault and wounding. The skin microenvironment likely facilitates angiogenic responses; among its salient characteristics is the propensity for rapid inflammatory responses to abnormal tissue conditions, resulting in increased blood supply, increased vascular permeability, and extravasation of diverse cytokine-producing leukocytes, e.g., macrophages, lymphocytes, and mast cells (for review, see Roitt et al. 1989) , seeking to resolve the abnormality.
Mast cells (MCs) play an important role in acute inflammation owing to their release of stored and newly synthesized inflammatory mediators following activation (Yong 1997) . MC density within skin connective tissue correlates with blood vessel density (Eady et al. 1979) , and activation and degranulation of MCs is associated with connective tissue degradation around sites of neovascularization (Dabbous et al. 1986 ). As neovascularization of otherwise quiescent tissues, such as skin, involves the action of angiogenic growth factors and the localized proteolytic modification of the extracellular matrix (ECM), MCs are implicated as accessory cells for angiogenesis (Meininger 1995; Yong 1997) .
We have investigated mechanisms regulating angiogenesis in a mouse model of epithelial carcinogenesis wherein the early region genes of human papillomavirus type 16 (HPV16) are expressed under the control of the keratin 14 (K14) promoter/enhancer (Arbeit et al. 1994) . In this skin cancer model, mice are born phenotypically normal; by 1 month of age mice develop epidermal hyperplasia with 100% penetrance, which advances fo-cally into angiogenic dysplasias between 3 and 6 months. By one year, 50% of the mice develop invasive squamous cell carcinomas (SCC) . Characteristically, cancers appear on the ears and upper trunk. We have determined previously that neoplastic progression in this model is accompanied by up-regulation of genes encoding several pro-angiogenic growth factors , implicating these molecules in tumor angiogenesis in the skin. We now present evidence that inflammatory mast cells are involved in activating premalignant neovascularization in the skin, and propose functional roles for MC-specific proteases in angiogenesis and stromal remodeling in this transgenic mouse model of epithelial carcinogenesis.
Results

Premalignant dysplasias are characterized by alterations in vascular architecture
In the skin of K14-HPV16 transgenic mice (Smith-McCune et al. 1997) , as in human cervical carcinogenesis (Smith-McCune and Weidner 1994; Smith-McCune et al. 1997) , neoplastic progression involves an early increase in capillary density first evident subjacent to hyperplastic epithelium. We now report that dramatic changes in dermal capillary location, density, and architecture accompany both premalignant and malignant progression. Normal mouse skin contained infrequent capillaries located deep within the dermis as visualized by immunolocalization of platelet endothelial cell (EC) adhesion molecule (PECAM-1/CD31), an endothelial cell-specific marker (DeLisser et al. 1994) (Fig. 1A) . Hyperplastic lesions showed a modest increase in the density and dilation of capillaries that remain distal to the neoplastic epidermis (Fig. 1B) . Dysplastic lesions contained dilated and enlarged capillaries that are increased in number, and localized proximal to the epithelial basement membrane (Fig. 1C) . This vascular pattern is indicative of an angiogenic switch from vascular quiescence to modest neovascularization in early low-grade lesions (hyperplasias), followed by a striking upregulation of angiogenesis in high-grade lesions (dysplasias). The core of SCCs, both well differentiated (WDSC; Fig. 1D ) and moderately to poorly differentiated (M-PDSC; Fig. 1E ), as well as the invasive fronts of the tumors (Fig. 1F) , were likewise well vascularized, containing a chaotic array of small and dilated capillary webs.
Stromal infiltration of mast cells accompanies activation of angiogenesis and progression to dysplasia
Based on clues revealed by whole-mount visualization of the vasculature, we asked whether MCs were associated with the distinctive stages of carcinogenesis by utilizing chloroacetate esterase (CAE) histochemistry on paraffinembedded sections of staged neoplastic skin (Fig. 2) . CAE detects the presence of chymotrypsin-like serine ester- ases (chymases) present within connective tissue MCs (Leder 1979; Caughey et al. 1988) . Normal skin contained few MCs distributed within the dermis distal to the epidermal basement membrane ( Fig. 2A) . MC numbers increased at the hyperplastic stage, and were associated predominately with small blood vessels within dermal stroma (Fig. 2B) . With the switch to intense angiogenesis in dysplasias, MC density increased markedly in the dermal connective tissue in both early (3-monthold) and late (6-month-old) angiogenic lesions (Fig. 2C,D , respectively) . In contrast to the angiogenic dysplasias, tumor stroma within M-PDSCs was essentially devoid of MCs (Fig. 2E) . However, the stroma around invading fronts of the tumors contained abundant MCs, most frequently abutting capillaries (Fig. 2F ). MCs were never observed within the epithelial compartment at any stage of neoplastic progression.
Exploiting the avidin and toluidine blue binding capabilities of tissue MCs to view their location at high resolution (Befus et al. 1982; Tharp et al. 1985) , we saw an intimate association between infiltrating MCs in angiogenic dysplasias with both subendothelial and epithelial basement membranes (Fig. 2, G and H, respectively) .
We assessed the possibility that intense MC infiltration of dysplastic lesions was an antibody-mediated response to chronic bacterial infection of the skin, by treating one cohort of transgenic mice systemically with antibiotics [sulfamethoxole (60 mg/tablet), trimethoprim (10 mg/tablet), 1 tablet/2 mice per week], and by breeding a second cohort into the immunodeficient Rag1/null background (Mombaerts et al. 1992) . These treatments did not alter influx of MCs into the stroma beneath dysplastic epidermis (data not shown). Thus, the presence of MCs in angiogenic dysplasias does not appear to be a response to activation of the humoral immune system.
Angiogenic dysplasias are highly enriched in mast cell-specific serine proteases
We next quantified the activities of MC-specific tryptic and chymotryptic serine proteases (tryptases and chymases, respectively) in extracts of tissue from each neoplastic stage with selective solution assays (Fig. 3A) . Although chymase-like activity was detectable in normal negative littermate control tissue [n = 2; 62.5 ± 17.5 nmoles of pNA/min per mg protein (S.E.M.)] and in hyperplastic tissue (n = 4; 39.8 ± 13.5 nmoles of pNA/min per mg protein), there was a significant increase in activity in angiogenic dysplasias (n = 6; 204 ± 3.6 nmoles of pNA/min/mg protein; P < 0.003). In addition, angio- genic dysplasias contained higher levels of chymase-like activity than SCCs (n = 3; 15.3 ± 8.2 nmoles of pNA/ min/mg protein). Chymase-like activity in extracts was completely inhibited by 10 µM soybean trypsin inhibitor (SBTI), but not by 100 µg/ml aprotinin, as is characteristic of MC chymases (Caughey 1995) .
Similarly, tryptase-like activity was detectable in both normal (n = 2; 13 ± 13 nmoles of pNA/min per mg protein) and hyperplastic (n = 4; 15.7 ± 10.6 nmoles of pNA/ min/mg protein) skin; again, angiogenic dysplasias possessed significantly elevated activity (n = 6; 131 ± 49.3 nmoles of pNA/min per mg protein; P < 0.04), compared to the former and to frank carcinomas (n = 3; 30 ± 12.6 nmoles of pNA/min/mg protein). The tryptase-like activity in extracts was inhibited by 1.5 mM benzamidine, a general inhibitor of tryptic serine proteases, but not by 10% mouse plasma (data not shown). Resistance to serine protease inhibitors present in plasma is an idiosyncratic feature of MC tryptases.
MCs in different anatomic locations and in different pathologic conditions selectively express distinct chymase transcripts [mouse mast cell protease (mMCP) 1, -2, -4 and/or -5] and tryptase transcripts (mMCP-6 and/ or -7) (Reynolds et al. 1990; Stevens et al. 1994) . We detected mRNA representing only mMCP-4, a ␤-chymase, and mMCP-6, a tryptase, by RT-PCR analysis of RNA isolated from dysplastic ear skin (Fig. 3B ). We confirmed the presence of their encoded gene products by immunoblot analysis of neoplastic skin lysates; an ∼28 kD mMCP-4 was detected with affinity-purified anti-rat MCP-1 IgG (rat MCP-1 is the ortholog of mMCP-4; Caughey 1995) and an ∼34 kD mMCP-6 was detected with affinity-purified anti-mMCP-6 IgG ) (data not shown).
The chymase purified from angiogenic dysplasias represented 99% of the chymotryptic activity loaded onto an SBTI-agarose column. It had a specific activity of 5.5-µmole of succinyl-L-Ala-Ala-Pro-Phe-4-nitroanilide hydrolyzed/min per mg, migrated as a predominant band at ∼28 kD by SDS-PAGE (Fig. 3C ), and reacted with anti-rat MCP-1 IgG in immunoblotting (Fig. 3D) . The aminoterminal sequence of the purified chymase was IIG- 
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GVESRP, which is identical to the published amino acid sequence of mMCP-4 (Huang et al. 1991) . Purified mMCP-4 was inhibited completely by SBTI in a 1:100 enzyme-to-inhibitor molar ratio, but inhibited only weakly by aprotinin in a 500-fold molar excess (data not shown). mMCP-6 was purified from dysplastic K14-HPV16 transgenic mouse ears by high-salt buffer extraction followed by p-amino benzamidine and heparin affinity chromatography. The purified tryptase migrated as a single protein band at ∼34 kD (Fig. 3E) , and immunoblotted with anti-mMCP-6 antibody (data not shown). The amino-terminal sequence was IVGGHEASES, identical to mMCP-6 (Reynolds et al. 1991) and distinct from the other mouse tryptase, mMCP-7. The specific activity of purified mMCP-6 was 56 µmole of tosyl-Gly-Pro-Lys-4-nitroanilide hydrolyzed/min per mg. This activity represented 99% of the tryptic activity present in the highsalt buffer loaded onto the benzamidine-agarose column (data not shown). MMCP-6 was inhibited by bis (5-amidino-2-benzimidazoyl) methane (BABIM) at a 1:500 molar ratio, a potent inhibitor of mast cell tryptases (Caughey et al. 1993) , but was resistant to inhibition by aprotinin, at a 1:75 enzyme-to-inhibitor molar ratio.
Mouse MCP-6 is a mitogen for dermal fibroblasts
We observed that the cellularity of dermal fibroblasts and the deposition of collagen into the ECM, as demonstrated by Masson's trichrome staining (data not shown), increased incrementally during early neoplastic progression. This is notable, as stromal fibroblasts in skin, much like ECs, are typically quiescent (Gregoire and Lieubeau 1995) . In wound healing and neoplastic situations, proliferating fibroblasts are the source of newly synthesized type I procollagen and are responsible for desmoplastic phenotypes (Vuorio and de Crombrugghe 1990; Gregoire and Lieubeau 1995) . Tryptase is a mitogen (Hartmann et al. 1992 ) and potent stimulator of type ␣1(I) procollagen mRNA synthesis (Cairns and Wells 1997; Gruber et al. 1997) in human fibroblasts in vitro. These activities of tryptase may be mediated through interaction with protease activated receptor-2 (PAR-2) present on fibroblast plasma membranes (Molino et al. 1997; Schechter et al. 1998 ).
Accordingly, we tested the ability of mMCP-6 tryptase and mMCP-4 chymase to stimulate DNA synthesis of quiescent serum-deprived subconfluent primary murine dermal fibroblasts (PMDFs) and quiescent human umbilical vein endothelial cells (HUVECs), in the absence of exogenous growth factors. MMCP-6 stimulated fibroblast DNA synthesis selectively in a concentrationdependent manner yet did not affect proliferation of HUVECs. (Fig. 4A,B) . In contrast, mMCP-4 did not stimulate DNA synthesis in either cell population at any concentration tested (Fig. 4A,B) . These results demonstrate that mMCP-6 tryptase has cell-type-specific mitogenic potency.
In vivo, we observed that normal skin exhibited patchy expression of type ␣1(I) procollagen mRNA in stroma adjacent to capillaries (Fig. 4C ), whereas mRNA expression was up-regulated incrementally in hyperplastic lesions adjacent to capillaries and subjacent to epithelium (Fig. 4D ). In angiogenic dysplasias heavily infiltrated with MCs, type ␣1(I) procollagen mRNA was expressed widely in stroma (Fig. 4E) , consistent with high levels of tryptase, increased cellularity of dermal fibroblasts, and increased deposition of collagen.
MMCP-4 induces ECM remodeling and angiogenesis by direct and indirect mechanisms
The cell proliferation assay pointed to a role for tryptase in activating quiescent fibroblasts to become a proliferative component of the reactive neoplastic stroma; that same assay revealed no mitogenic activity of chymase on fibroblasts or endothelial cells. Therefore, we asked whether chymase contributed by altering tissue microenvironment in some other way. Interestingly, canine and human MC ␣-chymases are known to activate the latent extracellular protease progelatinase B (proMMP-9) (Fang et al. 1996 (Fang et al. 1997 . Gelatinase B is a member of the matrix metalloproteinase (MMP) family and is involved in both ECM remodeling (Coussens and Werb 1996) and regulation of angiogenesis (Vu et al. 1998) .
We hypothesized, therefore, that mMCP-4 contributed to activation of angiogenesis by inducing ECM remodeling through the activation of progelatinase B. To address this, we first assessed the relative activity of gelatinase B in tissue lysates representing distinct neoplastic stages utilizing gelatin-substrate zymography ( Fig 5A) . Progelatinase B was not detectable in normal skin, but was up-regulated incrementally in hyperplastic, dysplastic, and tumor tissue; however, active gelatinase B appeared only in the dysplastic and tumor lysates. In addition, this assay revealed the activity profile of another MMP family member, namely pro-and active gelatinase A (MMP-2), whose activity changed only modestly in the different neoplastic stages. The appearance of activated gelatinase B in dysplastic lesions correlated with dramatic MC infiltration and elevated levels of mMCP-4 chymase activity.
To test if mMCP-4 could activate progelatinase B, similar to canine or human ␣-chymases, lysates from hyperplastic skin (containing predominantly the proform of gelatinase B) were incubated with purified mMCP-4 prior to substrate zymography. Incubation of the lysates with mMCP-4 led to a dramatic increase in the amount of activated gelatinase B, whereas neither the pro nor active forms of gelatinase A were changed (Fig. 5B ). Addition of ecotin (an inhibitor of mMCP-4 but not urokinase) abolished mMCP-4-induced activation of gelatinase B completely, whereas 1 mM amiloride (an inhibitor of urokinase) had no effect (data not shown). Furthermore, immunolocalization of mMCP-4 (red staining; We next asked if mMCP-4 chymase, mMCP-6 tryptase, or gelatinase B could convert an otherwise nonangiogenic tissue to an angiogenic one utilizing an in vitro angiogenesis bioassay (Fig. 6 ). Hyperplastic ear skin from 1-month-old transgenic mice was incubated in medium alone or medium containing mMCP-4, mMCP-6, or gelatinase B. Subsequently, the hyperplastic skin was embedded into a collagen gel alone, or a collagen gel containing randomly dispersed bovine capillary endothelial cells (BCEs). Hyperplastic skin pieces, both control and protease-treated, were placed into collagen gels lacking BCEs. They showed negligible cell emigration from biopsies (data not shown). BCEs remained randomly distributed around untreated hyperplastic skin (Fig. 6A) . Treatment of skin with mMCP-6 also yielded no response (Fig. 6B) , even though human tryptase is a known EC morphogen (Blair et al. 1997) . In contrast, mMCP-4-treated skin induced a dramatic response of the BCEs, with radial alignment, proliferation, migration, and tube formation toward the dermal surface of the skin pieces with no evidence of migration or tube formation in the direction of the epidermis (Fig. 6C,D) . Gelatinase B-treated hyperplastic skin showed a similar response to that observed with mMCP-4 (data not shown). Neither mMCP-4 nor gelatinase B added directly to BCEs in the collagen gel induced a response (data not shown), indicating that these activities were caused directly by release of sequestered activity from the skin pieces. Thus, both mMCP-4 and gelatinase B induce ECM remodeling of hyperplastic tissue directly leading to release of sequestered angiogenic activity.
MC deficiency abates premalignant progression
Our data suggest that MC-derived factors, including chymase and tryptase, are involved in the early events of neoplastic progression, e.g., fibroblast activation, ECM remodeling, and activation of angiogenesis. To test this hypothesis, we sought to take advantage of mice that were genetically MC deficient. The receptor tyrosine kinase c-Kit, is encoded by the white spotting (W) locus on mouse chromosome 5 (Chabot et al. 1988 MCs compared to their normal (+/+) littermates (Kitamura et al. 1978 Fig. 7 ). At this point in neoplastic progression, the hyperplastic phenotype in K14-HPV16 mice is 100% penetrant (n = 380), and is characterized by a thickened epidermis with underlying dermal MC infiltration (CAE, red staining; Fig. 7B ), hyperproliferation of keratinocytes (Ki-67, brown staining; Fig. 7E ), and altered vascular architecture including increased vascular density and dilation (CD-31, brown staining; Fig. 7H ). In the K14-HPV16 KIT W /KIT Wv mouse, MCs were absent from the dermis (Fig. 7C ). Keratinocyte proliferation, as measured by immunoreactivity of Ki-67, although enhanced [ (Fig. 7I ) was more similar to quiescent vasculature typical of normal skin (Fig. 7G ) than to that observed in angiogenic skin (Fig. 7H) , with infrequent, nondilated vessels found distal to the epidermal basement membrane. Thus, by three different criteria (epidermal thickness, keratinocyte proliferation, and vascularization) the absence of MCs functionally compromises early neoplastic progression.
Discussion
Inflammation is a protective reaction elicited by the host in response to infection, injury, or tissue damage. Under normal physiologic circumstances, this response serves to destroy pathogens, and initiate repair. Inflammatory reactions are also observed commonly in human neoplasia (Wernert 1997; Ohtani 1998) . Thus, several parallels exist between the generation of tumor stroma and healing of wounds, supporting the concept that tumor stroma is, in part, wound healing gone awry (Dvorak 1986) . In this report, we demonstrate that an inflammatory reaction, characterized by stromal infiltration of . The data support a model in which MCs contribute to premalignant progression in part by releasing two MC specific serine proteases, mMCP-6 (a tryptase), mMCP-4 (a chymase), as well as progelatinase B. MC deficiency in K14-HPV16 animals results in a severe attenuation of early neoplasia, strengthening the notion that MCs are important functionally. Thus, during the hyperplastic and dysplastic stages of squamous carcinogenesis, an ostensibly antitumor inflammatory response is hijacked, instead facilitating the angiogenic switch and the conversion of a normal dermis into an aberrant stromal support, setting the stage for subsequent progression to malignancy.
Inflammation, mast cells, and angiogenesis: parameters of early neoplastic progression
Angiogenesis in the adult organism is limited normally to conditions of tissue repair/remodeling such as exist during menstruation, mammary gland involution, wound healing, inflammation, and neoplasia (Salamonsen and Wooley 1996; Hanahan and Folkman 1996 ). Angiogenesis involves the activation, proliferation, and migration of endothelial cells in concert with localized proteolytic modification of the ECM (Ingber and Folkman 1989) . Proteolysis of the ECM facilitates endothelial cell migration and proliferation, releasing stored angiogenic signaling molecules from sequestered latent reserves (Meininger 1995; Brown et al. 1997; Friedl et al. 1997; Poltarek et al. 1997) , and loosening the stromal milieu to facilitate migration (Coussens and Werb 1996) . In cutaneous organs, activation of angiogenesis and infiltration of stroma by inflammatory cells occurs within seconds following tissue injury. The implication is that skin contains regulatory machinery that can both maintain vascular quiescence, as well as initiate rapid neovascular responses. How might this be accomplished? MCs release diverse factors known to enhance angiogenic phenotypes, including heparin, heparinase, histamine, metallo-and serine proteinases, and various polypeptide growth factors, including bFGF [basic (fibroblast growth factor)] and VEGF/VPF ( vascular endothelial growth factor/vascular permeability factor) (Bashkin et al. 1990; Vlodavsky et al. 1992; Meininger 1995; Reed et al. 1995; Grutzkau et al. 1998 ). Thus, MCs provide direct mitogens for fibroblasts, endothelial, and epithelial cells, as well as diverse enzymatic activities. Activation of angiogenesis in K14-HPV16 transgenic mice was coincident with marked infiltration of dermal stroma by MCs. MCs accumulated around capillaries, as well as subjacent to epithelial basement membranes, where degranulation and release of MC products was evident. Strikingly, MCs were essentially absent within solid tumor stroma, but were prominent at tumor-host interfaces. MC exclusion from tumors reveals a distinction between the core tumor microenvironment and the microenvironments associated with premalignant progression and with cancer cell invasion into normal tissue.
A clear goal for the future is to identify the signals that recruit the MC inflammation. As the HPV-expressing skin becomes hyperkeratotic quite early, signals resulting from the loss of skin barrier function are candidates. One such effector could be activation of humoral immunity in response to consequential infections. However, when K14-HPV16 transgenic mice were treated with antibiotics or bred into Rag1/null background, they had similar spatial/temporal infiltration of dysplasias by MCs, arguing against infection as the stimulus. Instead, the signal may emanate from the incipient epidermal neoplasia itself, or perhaps arise in response to other consequential abnormalities of the affected skin.
Two neutral MC-specific serine proteolytic activities were identified in angiogenic dysplasias, mMCP-4 and mMCP-6. Mouse MCP-4, a ␤-chymase, is the major chymotryptic enzyme present in angiogenic dysplasias. The limited diffusability of the mMCP-4 enzyme, as demonstrated by immunolocalization, suggests that in vivo substrates are likewise located proximal to basement membranes. Indeed, our data show that mMCP-4 activates progelatinase B, and in addition, can switch otherwise nonangiogenic tissue to the angiogenic phenotype as revealed by endothelial coculture assays for angiogenesis. We propose that mMCP-4 directly, and indirectly through its ability to activate progelatinase B, releases sequestered angiogenic factors such as VEGF/VPF and a/bFGF from neoplastic skin, thereby effecting induction of angiogenesis. Support for the angiogenic factor sequestration/release mechanism comes from the work of Whitlock et al. (1996) , who demonstrated that stromelysin-1, collagenase-3, and heparinase each degrade the ECM component perlecan resulting in release of bound bFGF. Direct evidence that gelatinase B is important for generation of angiogenic signals comes from studies of bone growth plates in gelatinase B-knockout mice, which show delayed angiogenesis (Vu et al. 1998) . The identity of the angiogenic growth factor(s) released by gelatinase B and/or mMCP-4 from skin ECM remains to be determined.
Our data on MCP-6 suggest that this serine protease does not affect EC growth directly, but instead activates dermal fibroblasts, thus contributing to induction of ␣1(I) procollagen synthesis, supporting a role for tryptase in stroma generation and matrix remodeling associated with neovascularization.
Analysis of the hyperplastic stage in MC-deficient mice documents the importance of an early MC-inflammatory response. Notably, the vascular density and architecture was more characteristic of a quiescent vasculature than that observed typically underlying hyperplastic epithelium in age-matched MC-proficient HPV mice. We speculate that the impaired vascular response is caused by the absence of angiogenic growth factors (e.g., bFGF and VEGF/VPF) and MC-proteases delivered nor-mally by MCs as they focally degranulate around vascular beds and epidermal basement membranes.
Generality of mast cells and neoplasia
The presence of MCs at the borders of tumors was first reported by Westphal in 1891 (Westphal 1891) . Subsequently, numerous investigators have confirmed the presence of MCs at the periphery of both experimentally induced rodent tumors (Norrby and Wooley 1993; Meininger 1995) , and diverse human neoplasms (Aaltomaa et al. 1993; Shea and Prieto 1994; Duncan et al. 1998 ; J.M. McKerrow, V. Bhargava, E. Hansell, T. Kuwahara, M. Matley, L. Coussens, and R. Warren, in prep.); thus, MC recruitment to sites of neoplasia would appear to be HPV16-independent. Interestingly, three of the most aggressive human cancers, malignant melanoma, breast carcinoma, and colorectal adenocarcinoma, are associated commonly with a dramatic host response comprised of various inflammatory cells, especially MCs at the tumor periphery (Norrby and Wooley 1993) .
Are MCs merely a smoking gun? Our analysis of neoplastic progression in a MC-deficient background, albeit one mouse, suggests that MCs are much more than passive bystanders. More likely, MCs and their products are subverted in the neoplastic tissue and functionally assist in jump-starting angiogenesis, thereby acting as key extrinsic modulators of neoplasia. Two other studies likewise support a causal role for MCs in tumorigenesis: MC-deficient KIT W /KIT Wv mice were demonstrated to have decreased tumor-associated angiogenesis (Starkey et al. 1988) ; and, rats treated with a compound (FPL 55618) that inhibits MC degranulation, resulted in a 70% reduction in growth of mammary adenocarcinomas (Dabbous et al. 1991) .
Conclusion
A primary distinction between angiogenesis associated with wound healing and that of neoplasia lies in the ability to turn off pro-angiogenic signals in the former. Following wounding, sequestered angiogenic activators can be released by degranulation of inflammatory cells and made available rapidly, thus abrogating the necessity for transcriptional induction of angiogenic growth factor genes by the wounded tissue. Turning this switch effectively 'off' could be as simple as shifting the balance between pro-and anti-inflammatory cytokines regulating infiltration and/or stability of inflammatory cells. With such programs readily available, it is not surprising that neoplastic tissues may take advantage of this machinery to initiate tissue remodeling and angiogenesis, thus providing nutrients and generating a tumor stroma for a rapidly expanding neoplastic mass. Once a tumor forms, transcription of angiogenic factors increases Hanahan and Folkman 1996; Bergers et al. 1998 ). Thus, overtly malignant tissues that constitutively express high levels of angiogenic factors and ECM-degrading proteinases may no longer require the assistance of inflammatory cell-derived factors. Moreover, the presence within tumors of inflammatory cells whose mission may have been to resist (and not assist) neoplasia might also have deleterious effects, such that their exclusion could be beneficial for expansive tumor growth.
The data presented herein suggest that, in squamous carcinogenesis, angiogenic regulation is biphasic (Fig. 8) .
In the premalignant early phase of hyperplasia and dysplasia, infiltrating MCs degranulate and activate dermal fibroblasts. And, both directly and via activation of progelatinase B, the MCs turn on and progressively intensify angiogenesis by releasing sequestered angiogenic activators. As neoplastic progression proceeds, angiogenic growth factor gene expression is up-regulated in the cancer cells, marking progression to the second cancer phase, wherein the tumor cells control their angiogenic phenotype directly instead of depending on the manipulation of inflammatory cells to indirectly effect neovascularization. Interestingly, invasion from solid tumors apparently again benefits from MC assistance: MCs accumulate at the leading edges of cancers in which tumor cells invade into normal tissue stroma, likely again to help convert it into a neoplastic stroma with concomitant angiogenesis.
Our study demonstrates the significance of the MC as a key accessory during the premalignant stages of squamous carcinogenesis. We show a link between MC inflammation and the angiogenic switch by a mechanism that includes the release of pro-angiogenic proteases. Thus, MC chymase can activate progelatinase B, itself a component of MC granules, as well as release angiogenic activity sequestered in the skin. MC tryptase induces normally quiescent fibroblasts to participate in formation of neoplastic stroma. The involvement of MCs and their proteases has implications for the pathogenic mechanism and potential therapeutic intervention in cutaneous malignancy, in particular for anti-angiogenic strategies aimed at arresting neoplastic progression prior to the emergence of overtly malignant tumors.
Materials and methods
Transgenic mice and tissue preparation
The K14-HPV16 transgenic mice (Arbeit et al. 1994) , the characterization of neoplastic stages based on keratin intermediate filament expression, and preparation of tissue sections for histologic examination (hematoxylin and eosin) have been reported previously . To identify metachromatic granules of MCs, 1 µm thick sections of EPON 812-embedded skin biopsies were stained for 5 min in 1% toluidine blue (in water), rinsed in deionized water, dried, and mounted under cover slips in Cytoseal 60 (Stephens Scientific).
Immunohistochemistry
Tissue pieces from transgenic animals were either quick-frozen in OCT Freezing Medium (Sakura) and stored at −80°C or immersion-fixed in 3.75% paraformaldehyde and phosphate-buffered saline (PBS) followed by dehydration through graded alco-hols and xylene, and embedded in paraffin. OCT sections (10-µm thick) were cut using a Hacker cryostat set at −20°C. Prior to using, cut frozen sections were dried at room temperature, followed by fixation in ice-cold acetone for 10 min. Alternatively, 5-µm-thick paraffin sections were cut using a Leica 2135 microtome. Sections were deparaffinized and subjected to immunohistochemical staining as described previously . Dilution of primary antibodies was 1:200 for rabbit anti-rat MCP-1 (recognizing mMCP-4; Moredun Research Institute), 1:100 for rabbit anti-mouse gelatinase B (Behrendtsen et al. 1992) , 1:100 for rat anti-mouse laminin-␤1 (Upstate Biotechnology, Inc.), 1:100 for rat anti-mouse CD31 (Pharmingen), and 1:50 for rabbit anti-mouse Ki-67 (Dianova) in blocking solution containing PBS (pH 7.4), 2.5% goat serum and 1% bovine serum albumin (BSA). Incubation with primary antibody was 4 hr at room temperature. Following incubation with a biotinylated secondary antibody (goat anti-rabbit IgG or goat anti-rat IgG, 1:200, Pierce Chemical) for 30 min at ambient temperature, antigens were revealed with either 3,3Ј-diaminobenzidine (DAB; Sigma,) or alkaline phosphatase substrate (Vector) containing Levamisole (Vector). Sections were counterstained in 1% methyl green (1 min), dehydrated in graded alcohols (70%, 95%, 100% ethanol), mounted in Cytoseal 60 (Stephens Scientific) and visualized with Nomarski optics. All immunolocalization experiments were repeated three times on multiple tissue sections and included negative controls for determination of background staining, which was negligible.
Perfusion fixation and lectin binding
For visualization of the vascular bed in situ, lectin perfusion and visualization of the bound lectin was done essentially as described previously (Tharp et al. 1985; Thurston et al. 1996) . Briefly, animals were anesthetized with 50 mg/kg pentobarbital Figure 8 . A model for biphasic control of angiogenesis during squamous carcinogenesis. Skin is compartmentalized into an avascular epidermis, composed of keratinocytes and dendritic cells, and a vascularized dermis composed of fibroblasts, various hemopoietic cell types, and endothelial and smooth muscle cells forming blood vessels, embedded in a quiescent stromal milieu. During premalignant progression, stroma adjacent to neoplastic epithelium resembles that observed in chronic wounds characterized by proliferating fibroblasts, increased synthesis of ␣1(I) procollagen, increased vessel density, vascular permeability, increased expression and activity of ECM-degrading proteinases, increased presence of diverse leukocytes, and degranulation of MCs. MCs are exploited by neoplastic epithelia in early lesions and act to jump-start angiogenesis by their release of several bioactive molecules, e.g., bFGF, VEGF, heparin, histamine, chymase, and tryptase. Tryptase increases vascular permeability, and is a potent mitogen and activator of fibroblasts and inducer of ␣1(I) procollagen synthesis. Chymase, although not a direct mitogen, induces activation of angiogenesis by releasing sequestered angiogenic activity from stromal reservoirs, through gelatinase B-dependent and independent mechanisms. Gelatinase B made by reactive stromal cells, although likely involved in ECM-remodeling, releases ECM-sequestered angiogenic activity also stimulating EC chemotaxis, proliferation, and tube formation. In contrast, maintenance of neovascularization within tumor stroma is MC-independent. Sustaining angiogenesis within the cancer phase is likely accomplished directly via dramatic up-regulation of multiple heparin-binding growth factor genes in fully malignant epithelial cells. sodium by intraperitoneal injection and then perfused via the ascending aorta with fixative [1% paraformaldehyde (PFA), 0.5% glutaraldehyde, in PBS at pH 7.4], for 5 min at a pressure of 130 mmHg. Fixation was followed by perfusion of (1) 50 ml PBS (1 min); (2) 25 ml PBS, 1% BSA (80 sec); (3) 50 ml 5-µg/ml biotinylated Lycopersicon esculentum lectin (Vector) in PBS, 1% BSA (80 sec); (4) 25 ml PBS, 1% BSA (80 sec). Tissues were then removed and immersion-fixed overnight in PBS, 4% PFA. This was followed by permeabilization in PBS, 0.3% Triton X-100 overnight at room temperature on a rotating platform. To localize lectin binding, tissues were incubated on a rotating platform for 48 hr with avidin-peroxidase complex (Vector) diluted 1:200, washed for 2 hr with 50 mM Tris at pH 7.4, 1% Triton X-100, and exposed for 10 min to 0.5 mg/ml DAB (Sigma), 50 mM Tris at pH 7.4, 0.01% H 2 O 2 at room temperature. After staining, tissues were washed in H 2 O and dehydrated through graded alcohols (50%, 70%, 95%, and 100% ethanol). Tissues were then flattened between two glass slides in 100% ethanol overnight, cleared in toluene, and mounted in Cytoseal 60 (Stephens Scientific). Whole mounts of tissues were visualized by Nomarski optics.
Enzyme histochemistry
MCs were visualized in either 10-µm OCT-embedded acetonefixed sections, or, 5-µm paraffin-embedded tissue sections deparaffinized in xylene, hydrated through graded alcohols (100%, 95%, 70%, 50% ethanol), and equilibrated in H 2 O. Chloroacetate esterase histochemistry was performed as described previously to reveal presence of the chymotrypsin-like serine esterase activity of MCs (Leder 1979; Caughey et al. 1988) . Slides were then washed extensively in water, counterstained in Gills Hematoxylin #3 (3 sec), dehydrated in 100% alcohol, and mounted under coverslips in 100% glycerol. Data shown are representative of results obtained following examination of tissues removed from a minimum of 10 different K14-HPV16 transgenic animals each representing a distinctive stage of neoplastic progression.
RNA isolation and RT-PCR analysis
Total cellular RNA was isolated from control tissues (auxiliary lymph node and intestine) or pieces representing distinct histologic stages removed from K14-HPV16 transgenic mice using Trizol reagent (GIBCO-BRL) according to the manufacturer's specifications and was quantified by ultraviolet absorbance at 260 nm. Reverse transcription of total RNA (1-5 µg) was performed with oligo(dT) primer and Superscript II RT (GIBCO-BRL) according to the manufacturer's specifications. Equal volumes of cDNA were then amplified in a thermocycler (PerkinElmer/Cetus) in a final volume of 50 µl containing 50 mM KCl, 10 mM Tris at pH 8.3, 4 mM MgCl 2 , 200 µM each of all four dNTPs, 0.4 µM 5Ј and 3Ј oligonucleotide primers, and 0.6 unit of Taq polymerase (Perkin-Elmer Corp.). Samples were first denatured at 95°C for 5 min and amplified for 30 cycles (1 cycle: denature at 95°C 1 min, annealing at 55°C for 30 sec, and extension at 72°C for 1 min) with a final extension of 5 min at 72°C. Samples were then removed and electrophoresed on 5% polyacrylamide gels.
Oligonucleotide primers
Primers used in PCR reactions were mMCP-1 (Wastling et al. 1997 ) sense 5Ј-CAGCTGGGGACAGAATGGGG-3Ј, antisense 5Ј-GAGCTCTCTGGTACTCTTTG-3Ј (100 bp); mMCP-2 ) sense 5Ј-ACTGGCAAAATGCAGGCC-3Ј, antisense 5Ј-CATCATCACAGACATGTG-3Ј (910 bp); mMCP-4 (Jippo et al. 1994 ) sense 5Ј-GGAGACTCTGGAGGACCTCT-3Ј, antisense 5Ј-ACAGGGAACAGTCCATCATC-3Ј (336 bp); mMCP-5 (McNeil et al. 1991 ) sense 5Ј-ACTCTGGAGCTTTT-GCCAG-3Ј, antisense 5Ј-CAGTCGACAATCTGGGTCT-3Ј (200 bp); mMCP-6 (Hunt et al. 1996 ) sense 5Ј-GCACAT-CAAAAGCCCACAGC-3Ј antisense 5Ј-TAGACAGGGGAGA-CAGAGGAC -3Ј (700 bp); mMCP-7 (Hunt et al. 1996 ) sense 5Ј-GCACTACTCCTCACTGTG-3Ј, antisense 5Ј-CGCATTT-TATTGAGGCATAGCAGA-3Ј (1003 bp).
Protein extraction
Ear and chest skin from K14-HPV transgenic and nontransgenic wild-type FVB/n mice of various ages and stages of neoplastic progression were harvested and frozen at −80°C. While still frozen, samples were minced and ground under liquid N 2 to a fine powder, followed by weighing and resuspension in 10 mM bisTris-HCl at pH 6.1 (low-salt buffer) at a concentration of 10 µl/mg of tissue. After vortexing for 3 min the suspension was centrifuged for 5 min at 16,000g. The supernatant was saved; the pellet was resuspended in the above buffer containing 2 M NaCl (high-salt buffer) at 10 µl/mg of tissue, then vortexed and centrifuged as above. Recovered supernatants were saved for assay.
Protease solution assays
Chymase-like activity was measured by addition of 5-µl aliquots of samples to assay buffer containing 1 mM succinyl-LAla-Ala-Pro-Phe-4-nitroanilide (Sigma), 1.8 M NaCl, and 9% dimethylsulfoxide in 0.45 M Tris-HCl (pH 8.0). Tryptase-like activity was measured by the addition of 5-µl aliquots of samples to assay buffer containing 0.1 mmole tosyl-Gly-L-Pro-Lys-4-nitroanilide (Sigma) in 50 mM Tris-HCl at pH 7.6, 120 mM NaCl, 30 µg/ml bovine lung heparin. Change in absorbance at 410 nm was monitored spectrophotometrically at 37°C. Amounts of substrate cleaved were estimated using an extinction coefficient for free 4-nitroaniline of 8800/M per cm.
Immunoblotting
High-salt extracts of protein samples were electrophoresed in the presence of dithiothreitol on 12.5% SDS-polyacrylamide gels, then electroblotted to polyvinylidene difluoride (PVDF) membranes, which were blocked for 30 min at room temperature in a solution of 0.3% Tween-20 and 0.5 M NaCl in 50 mM Tris-HCl (pH 7.2), followed by incubation in the same buffer for 1 hr with 1:1000 dilutions of rabbit antisera or purified rabbit antibodies. Blots were washed three times for 5 min with the Tris/NaCl/ Tween-20 buffer indicated above. Bound primary antibody was detected with goat anti-rabbit IgG-alkaline phosphatase antibody and Fast Red TR/Naphthol AS-MX Phosphate (Sigma). Richard Stevens (Harvard University, Cambridge, MA) provided the rabbit antiserum to mMCP-6.
Mouse MCP-4 purification
MC chymase in the angiogenic dysplasias was purified using modifications to the methods for human skin chymase purification described by Schechter et al. (1986) . Ears (840 mg total) of 6-month-old K14-HPV16 transgenic mice were extracted sequentially in low-and high-salt buffer as above. High-salt extracts were applied to a 1-ml column of SBTI-agarose (Sigma) equilibrated with high-salt buffer. The column was washed first with high-salt buffer, then with H 2 O, until absorbance of the eluate at 280 nm reached baseline, after which 1 mM HCl was applied to the column. Eluted fractions were neutralized immediately with one-fifth volume of 0.5 M Tris-HCl (pH 8.0). Protein in eluted fractions was separated by SDS-PAGE and visualized by Coomassie blue staining. Protein concentration in fractions was determined using protein assay reagent (Bio-Rad) with BSA as standard. The purified chymase protein concentration was determined by using the theoretical molar extinction coefficient 33,760/M per cm at 280 nm, computed from the deduced amino acid sequence by the method of Creighton (1984) .
Mouse MCP-6 purification
Thirty-five milliliters of high-salt extracts from 5 to 6 monthold K14-HPV16 transgenic mouse ears were applied to a 4-ml p-aminobenzamidine-agarose column (Sigma) equilibrated in 10 mM bis-Tris-HCl (pH 6.1) with 2 M NaCl (high-salt buffer). No tryptase-like activity was detected in the unbound fraction. The column was eluted with 150 mM benzamidine in high-salt buffer. The eluate was then diluted threefold with 10 mM bisTris-HCl (pH 6.1) and applied to a 7.5 × 75-mm heparin 5PW HPLC column (Toso-Haas) equilibrated with 0.7 M NaCl, 10 mM bis-Tris-HCl (pH 6.1). Active mMCP-6 eluted with the application of a linear gradient of 0.7 M NaCl to 2 M NaCl over 15 ml at 1.4 M NaCl. Amino acid sequencing, SDS-PAGE analysis, and immunoblotting with anti-mMCP-6 polyclonal antisera confirmed the identity and purity of the eluted activity. The purified mMCP-6 protein concentration was determined by using the theoretical molar extinction coefficient 68,860/M per cm at 280 nm, computed from the deduced amino acid sequence by the method of Creighton (1984) .
Protein sequencing
Amino-terminal sequence analysis was performed by the Biomolecular Resource Center, University of California, San Francisco. Purified mMCP-4 and mMCP-6 (2.5-µg of proteins) were applied individually to a PVDF membrane disk and subjected to Edman degradation in a 470A gas-phase sequencer with an online 120A PTH analyzer (Applied Biosystems).
Substrate zymography
Tissue samples representing distinct histological stages of neoplastic progression, as verified by histological analysis of paraffin-embedded sections from adjacent skin, were weighed and then homogenized (1:4 weight to volume) in lysis buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, and 0.1% SDS. Soluble and insoluble extracts were separated by centrifugation and subsequently stored at −20°C. Equivalent amounts of soluble extract were analyzed by gelatin zymography (Herron et al. 1986a,b) on 10% SDSpolyacrylamide gels copolymerized with substrate (1 mg/ml of gelatin) in sample buffer (10% SDS, 0.25 M Tris-HCl, and 0.1% bromophenol blue at pH 6.8). After electrophoresis, gels were washed twice for 15 min in 2.5% Triton X-100, incubated for 16 hr at 37°C in 50 mM Tris-HCl, 10 mM CaCl 2 (pH 7.6), and then stained in 0.5% Coomassie blue and destained in 50% methanol. Negative staining indicates the location of active protease bands. Exposure of proenzymes within tissue extracts to SDS during gel separation procedures leads to activation without proteolytic cleavage (Talhouk et al. 1991) . For inhibition of proteolytic activities, substrate gels were incubated in substrate buffer with either 4 mM 1,10-phenanthroline (Sigma), 5 mM PMSF (Sigma), or 10 µg/ml recombinant ecotin (McGrath et al. 1991 ; provided by Charles Craik, University of California, San Francisco) as described (Adler et al. 1990) . Data shown are representative of results obtained following examination of 91 tissue pieces representing various stages of neoplastic progression in K14-HPV16 transgenic mice.
Cell culture
PMDFs were isolated from FVB/n mice by the method of BossyWetzel et al. (1992) and maintained in culture at subconfluence in DMEM containing 4.5 grams/liter glucose, and supplemented with 10% fetal bovine serum (GIBCO-BRL), 50 U/ml penicillin, 50 µg/ml streptomycin, at 37°C in 5% CO 2 . HUVECs (Clonetics) were maintained in EBM complete medium (Clonetics) supplemented with 5% fetal calf serum. BCEs were a gift from the laboratory of Judah Folkman (Harvard University, Boston, MA), and were maintained in DMEM containing 10% heat-inactivated calf serum.
DNA synthesis assay
Stimulation of DNA synthesis in subconfluent cultures of PMDFs or HUVECs was determined by radiolabeled thymidine incorporation. Cells were plated at 2500 cells/cm 2 in multiwell plates containing growth medium supplemented with fetal calf serum [PMDFs, 10%; HUVECs, 5% (GIBCO-BRL)]; prior to plating HUVECs, culture dishes were precoated with 1.5% gelatin in PBS. After 24 hr, cells were washed three times with PBS and covered with serum-free DMEM (GIBCO-BRL) containing 0.5% bovine serum albumin (GIBCO-BRL). After an additional 24 hr, cells were incubated for 16 hr with agonists [murine bFGF, 1 and 10 ng/ml, (GIBCO-BRL); human VEGF at 1 and 10 ng/ml (Sigma); purified mMCP-4, 2 and 20 nM in 50 mM Tris-HCl at pH 8.0; purified mMCP-6, 1 and 10 nM in 10 mM bis-Tris at pH 6.1, 0.7 M NaCl, 225 µg/ml heparin (Sigma); heparin at 74 and 740 ng/ml ], followed by the addition of [methyl- 3 H]thymidine (2 mCi/ml, NEN) for an additional 6 hr. Trichloroacetic acidprecipitable material was solubilized in 0.3 N NaOH, and liquid scintillation counting assessed the incorporated radioactivity. Each assay condition was in triplicate; results shown are representative from two independent experiments.
In situ hybridization
In situ hybridization analysis on 5-µm paraffin-embedded normal and transgenic skin was carried out as described previously . The riboprobe used to detect ␣1(I) collagen (pmCol1-129) mRNA was provided by Paul Bornstein (University of Washington, Seattle, WA).
Endothelial tube formation assay
BCEs were trypsinized and resuspended in DMEM with 10% calf serum. Cells (4 × 10 5 /ml) were mixed 1:1 with a chilled collagen solution (Vitrogen 100; Collagen Corp.) in MEM medium containing 0.1% NaHCO 3 , 2 mM glutamine, and 10 mM HEPES. Skin biopsies were removed from 1-month-old transgenic mice, washed in PBS, and cut into <1 mm 2 pieces and then incubated for 24 hr at 37°C in 5% CO 2 balanced air incubator in DMEM containing 0.5% BSA and either 10 mM mMCP-6, 20 mM mMCP-4, 1 ng/µl gelatinase B (Calbiochem), or medium/ BSA alone. After 24 hr, medium was removed and fresh medium containing appropriate agonist was replaced and allowed to incubate for an additional 24 hr. Aliquots (250 µl) of the collagencell mixture were pipetted into 48-well tissue culture plates, and skin pieces were added to each well before the solution was allowed to gel at 37°C. Culture plates were incubated in 10% CO 2 balanced air atmosphere and observed for endothelial cell growth, migration, and tube formation over a period of 2 weeks. In addition, 10 mM mMCP-6, 20 mM mMCP-4, and 1 ng/µl gelatinase B (Calbiochem) were added individually to collagen-EC mixtures, and monitored for tube formation over a 1-week period.
KIT
W /KIT Wv genotyping WB/ReJ KIT W /+ and C57BL/6J-KIT Wv /+ mice (Jackson Laboratories) were each intercrossed into the FVB/n strain four generations. Genotypes were determined from tail DNA by a PCRbased assay (Laig-Webster et al. 1998) . Briefly, to trace the KIT W mutation, oligonucleotide primers specific for intron 9 (5Ј-CCAAGAGAAAGCTTTGTTCCCTGAATGTGC-3Ј) and intron 10 (5Ј-AGAACAATTCAATGCTCAT-3Ј) from the mouse c-KIT gene (Hayashi et al. 1991; Gokkel et al. 1992) were generated. To trace the KIT Wv mutation, oligonucleotide primers specific for exon 12 (5Ј-CATTGGGAGCTGGTGCCTTCGG-GAAGGT-3Ј) and exon 13 (5Ј-AGACTACCTCCCACCA-3Ј) from the mouse c-KIT gene (Gokkel et al. 1992) were generated. Utilizing these primers, mutant alleles, but not wild-type alleles, were amplified preferentially in 50-µl reactions containing 3 µl of genomic tail DNA (100 ng), 2. 
